Abstract. The effect of peat ash and basic slag on the P supply to turnip rape was compared with that of calcitic and dolomitic limestone in a pot experiment performed with two acid mineral soils of pH 4.8 (CaCl 2 ). Changes in soil properties induced by various liming agents were investigated in an analogous incubation test, and the results served to interpret the observations made in the pot experiment.
Introduction
Finnish soils are typically acid and rather poor in available P. Therefore liming and P fertilization are essential measures in agriculture. As shown e.g. by Salonen et al. (1973) , the utilization of added P by plants is, however, markedly dependent on the P sorption properties of soil. Phosphate retention, in turn, is affected by pH (Obihara and Russell 1972 , Parfitt 1977 , Barrow 1984 . Therefore, liming can be expected to affect the phosphate-supplying power of soils.
In Finland, calcitic and dolomitic limestone is conventionally used as liming agent, but Index words; soil acidity, liming materials, silicate, phosphorus desorption, phosphorus uptake 291 JOURNAL OF AGRICULTURAL SCIENCE IN FINLAND recently various basic waste materials and industrial byproducts have increasingly become available for this purpose. Yet, the information on the efficiency of these alternative liming materials, especially in relation to P nutrition of plants, is still insufficient. The purpose of the present pot experiment was to compare the P utilization by turnip rape in two acid mineral soils amended with peat ash or basic slag with that in soils treated with calcitic or dolomitic limestone. The impact of various liming materials on soil properties and P extractability was investigated in more detail in a concurrent incubation experiment.
Materials and methods
Two acid surface soil samples were taken from the experimental farm of Helsinki University. Their characteristics are given in Table 1 . For the pot experiment, carried out in 1980 and 1981, Mitscherlich-pots were filled with 4.5 kg of moist soil, corresponding to 3.9 kg of air-dried muddy fine sand and 3.6 kg of air-dried fine sand. The soils were treated with 24 g of calcitic limestone, dolomitic limestone, peat ash or basic slag.
The liming agents contained various P fractions, analyzed by a slightly modified Chang and Jackson method according to Hartikainen (1979) The other properties have been reported by Jokinen (1982) .
Half of the pots were amended with 400 mg of P (added as K 2 HP0 4 ), corresponding to 104 mg and 114 mg per kg of the muddy fine sand and fine sand, respectively. The pots not treated with P received an equivalent quantity of K as KCI. The amounts of other plant nutrients applied to all soils are given in a previous paper (Hartikainen 1983 b) . (Jackson 1958) .
Soil analyses. In the incubation experiment, air-dried subsamples were analyzed after 4 and 16 months of incubation, in the pot experiment after 2 years of cultivation. Soil pH was measured in 0.01 M CaCl 2 solution. Water-soluble P was extracted by a slightly modified van der Paauw (1971) and Sissingh (1971) method. Inorganic P was fractionated according to a modified Chang and Jackson method (Hartikainen 1979) . The exchangeable A 1 was displaced with four portions of 1 M KCI in theratio of soil to solution of 1; 5 (w/v) and determined by an Aluminon method of Yuan and Fiskell (1959) .
Results a) Incubation experiment
The base strength of the liming agents, rated by comparing their effects on the soil pH, varied markedly and decreased in both experimental soils in the following sequence: calcite > dolomite > basic slag > peat ash ( Table 2 ). The peat ash treatment did not totally counterbalance a decrease in soil pH due to incubation and nutrient salt addition (from 4.8 to 4.3-4.5). A prolonged incubation did not significantly affect the soil acidity. That is why the pH values at the end of the experiment only are presented. All the liming materials were more effective in the muddy fine sand soil. Its lower pH buffering power appeared also in that the pH in soils amended with K 2 HP0 4 tended to be a little higher than in those without P addition. Table 2 further reveals that the efficiency of various liming agents to reduce the exchangeable A 1 was related to their ability to decrease soil acidity. As expected, in the calcite-and dolomite-treated soils with final pH of 5.9-6.5, this A 1 fraction had practically disappeared. In the other treatments, the P addition resulted in a further depression in exchangeability of Al.
In the experimental soils a reduction in acidity affected the solubility of P in an opposite direction. Table 3 shows that the 4-month incubation tended to increase the water-soluble P in the muddy fine sand and to decrease that in the fine sand soil. The data reveal also a tendency of P intensity being the more affected the more a given liming agent raised the pH. A long-term incubation reduced the solubility of P into water in the calcite-treated samples and in the fine sand samples supplied with peat ash. Further, the sorption of added P was lower by the fine sand richer in native water-soluble P than by the muddy fine sand soil (Table 3) .
After a 4-month incubation, water extracted 7.4 -8.3 % of the P added to the muddy fine sand soil and 10.1-15.0 % of P added to the fine sand soil. The recovery data indicate the impact of liming to have been quite similar on fertilizer P and the soil P resources. The prolonged treatment reduced the recovery in all soils.
According to the results of the fractionation analyses (data not presented) the various liming treatments tended to decrease the NaOH-soluble P (by 9-23 mg/kg) and to increase the NH 4 F-soluble P (by 4-28 mg/ kg), to some extent also the H2S04-extractable fraction (by o-l 20 -12 mg/kg), in the soils incubated without P addition. It its noteworthy, however, that in the soils supplied with peat ash also the NaOH-P was markedly increased (by 26-30 mg/kg). In fact, the P applied with peat ash was recovered mainly in the NH 4 F-and NaOH-soluble fractions. b) Pot experiment Table 4 shows that the liming agents affected the dry matter yields only in the second year. In the muddy fine sand the shoot yields increased, except in the dolomite-treated soils. In the fine sand soil, on the other hand, only dolomite and basic slag significantly improved plant growth. In this soil, also the positive effect of P addition appeared just in the second harvest, in the unlimed or calcitetreated soils. Inversely, the P fertilization was necessary for the muddy fine sand. In the first year it did not affect plant growth in soil supplied with basic slag, but its positive residual effect was marked also in this treatment.
In general, the P content was higher in the shoots harvested from the fine sand soil than in those harvested from the muddy fine sand: without P fertilization the range in the first yield was 3.50-4.68 %o and 3.82 4.30 %o, in the second one 2.24-3.46 %o and 2.46-2.69 %o, respectively. Table 5 reveals that the P removal from the muddy fine sand soil without P addition was not affected by the liming agents in the first year, but was markedly promoted by the peat ash and calcite treatments in the second year. The residual effect of ash was noticeable even in soils fertilized with P. In terms of total uptake the dolomite seemed to be the least effective.
In the fine sand soil, on the contrary, the liming treatments did not significantly enhance the P withdrawal despite increased dry matter yields. There was rather a tendency of the calcite and dolomite additions impeding the P nutrition also in the soils supplied with fertilizer P. Only the P treatment was capable of promoting the P uptake, but to a lesser extent than in the muddy fine sand. Further, a comparison between the various liming materials demonstrates the superiority of the peat ash and basic slag.
Although the withdrawal of soil P was intensified in the muddy fine sand soil by various liming materials, the residual water- soluble P was slightly decreased only in the basic slag treatment (Table 6 ). In the fine sand soil, on the contrary, the residual watersoluble P decreased by liming, but not by peat ash treatment. In most cases the liming treatments did not affect the extractability of residual P in the soils supplied with K 2 HP0 4 . Only the calcite-induced reduction in the fine sand soil was statistically significant.
Discussion
In the muddy fine sand soil poor in watersoluble P, the first dry matter yields increased by the P additions but were not affected by the liming agents. This suggests the shortage of P to have been a growth-limiting factor. The fine sand soil contained abundantly easily soluble P. Therefore the P fertilization showed some positive effect only in the second year after the resources were depleted by the withdrawal of the first harvest.
The various liming treatments affected the shoot yields and the P uptake only in the second year. In the P-deficient muddy fine sand, a liming-induced increase in P removal seemed to be associated with an increase in dry matter yields, whereas in the fine sand soil there was no unambiguous relationship between the quantities of plant material harvested and P withdrawal. In fact, the incubation test showed that the experimental soils Both soils and years are tested separately. represented soil types of dissimilar responses to liming treatment in regard to P extractability: in the muddy fine sand soil the watersoluble P tended to increase and in the fine sand soil to decrease withrising pH, irrespective of the liming material used. This observation was made also in a previous incubation study where the same soil samples were treated with increasing quantities of calcite (Hartikainen 1983 a) . The results of the pot experiment reveal, however, that the efficiency of different liming agents in improving plant growth or P withdrawal was not related to their capacity to reduce the soil acidity. In both soils, pH was raised most by calcite, followed by dolomite, basic slag and peat ash. Nevertheless, in the muddy fine sand soil cultivated without P addition calcite and peat ash increased most effectively the shoot yields and the basic slag was superior to dolomite. Except for dolomite, the liming agents significantly enhanced also the total P uptake. However, despite increased P removal, the residual water-soluble P was slightly decreased only in the basic slag treatment, which allows to conclude that these agents increased the available P in soil.
In the fine sand soil, the efficiency sequence of the liming materials was dissimilar: dolomite and basic slag significantly increased the dry matter yields in soils not treated with P, but the effect of calcite and peat ash remained insignificant. However, only basic slag and peat ash tended to promote the P uptake, whereas the conventional liming agents seemed to depress it, even in soils fertilized with K 2 HP0 4 . Also the residual water-soluble P in the calcite-and dolomite-treated soils was decreased, which gives a further indication of a reduction in P availability.
These results suggest that, in addition to the neutralizing ability, also other properties of the liming agents were conducive. Peat ash rich in P obviously served as a slowly acting P fertilizer rather than as a liming agent. It is noteworthy that the P contained in the ash was mainly of an acid-soluble form, but after a 4-month incubation in soil the bulk of it was recovered in NH 4 F-and NaOH-extractable fractions. This indicates the solubility of P to have increased during the incubation. Thus, it seems likely that it took longer than one year for the peat ash to benefit the P-deficient muddy fine sand. Inversely, the basic slag was very poor in P, but contained abundantly Si which was shown in several studies (reviewed e.g. by Fidanovski (1968) ) to intensify plant growth.
There are numerous interpretations of the mechanism of action of Si. In the present study, however, its beneficial effect seemed to be attributable to an increased availability of soil P due to the silicate addition, as reported by Semb (1943) , Ganssmann (1961) , etc. Silicate is specifically sorbed by soil colloids (Hingston et al. 1967 ) and its addition is known to result in the desorption of previously sorbed phosphate (Obihara and Russell 1972, Smyth and Sanchez 1980) . In contrast to some earlier studies (e.g. Scheffer et al. 1982) , the phosphate mobilization by silicate seemed to occur despite a relatively low soil pH. Recently, also Haynes (1984) has stated the pH(KCI) values to be lower in soils amended with CaSi0 3 than in soils treated with a chemically equivalent quantity of Ca(OH) 2, but the effect of form of liming material on estimates of phosphate availability depended upon the soil extractant used. Accordingly, the extraction test of Scheffer and Scheffer (1984) demonstrated the silicate addition to increase calcium lactate-soluble P less than did lime, but the pot experiment showed the silicic acid effect of Hiittenkalk to be of longer duration than that of CaO.
It should be pointed out, however, that in the present study no liming-induced increase in the P uptake amounted to that brought about by a rather high P addition.
Nevertheless, in the unlimed muddy fine sand, an increase in shoot yield due to the P fertilization did not significantly differ from that caused in the first year by calcite and basic slag treatment, and in the second year by calcite and peat ash treatment. Further, the comparison of present results with those obtained by Jokinen (1982) with the same soils without Mg addition supports the conclusion that the growth-promoting effect of basic slag and peat ash would be attributable to their impact on P resources rather than to their role as Mg or Ca sources.
The efficiency sequence of the liming materials was dissimilar in the experimental soils, indicating the usefulness of a given agent to be controlled also by soil properties.
In the fine sand soil, the inefficiency of peat ash and basic slag to elevate soil pH was a factor actually promoting the availability of P. A previous study implied the detrimental effect of liming in this soil to be attributable to the abundance of polymerized A 1 the affinity of which for P retention increased with increasing pH. It can be supposed that much higher quantities of limestone are needed to overrule the polymerization of A 1 and to start the desorption of P. The results demonstrate that base quantities adequate to neutralize the exchangeable A 1 cannot be used as a reliable measure of lime requirement, especially in soils rich in organic matter. The P mobility estimates obtained in the incubation experiment by simple water extraction seemed to underestimate the efficiency of the alternative liming agents in promoting the P uptake. Obviously, this was partly due to a high nutrient salt application enhancing the P adsorption. Further, the pH data of limed soils suggest that, as far as the P nutrition of plants is concerned, the usefulness of various materials cannot be evaluated only on the basis of their neutralizing ability.
